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Reﬂection high energy electron diffractionTwo and three dimensional growth of SrTiO3 ﬁlms on (001) MgO substrate was achieved by pulsed laser in-
terval and pulsed laser deposition respectively. The growth mode was monitored by in-situ reﬂection high
energy electron diffraction. Interval deposition forces layer-by-layer growth of materials even with such a
large lattice misﬁt (~7.9%). A titanium dioxide buffer monolayer was deposited to allow the ﬁlm to wet the
substrate to encourage two dimensional growth of the strontium titanate. A variety of defects was investigat-
ed using transmission electron microscopy and high resolution scanning transmission electron microscopy.
Misﬁt dislocations, steps at the interface, Ti-rich defects and regularly shaped nano-holes connected by
anti-phase boundaries were found to be the dominant defects in these ﬁlms grown layer by layer. The
edges of the nano-holes were mainly along [010] and [100] for a [001] growth direction. The large strain be-
tween the two crystal systems with large lattice mismatch leads to in-plane tensile stress during the layer-
by-layer growth. The stress is relieved in part by the holes. The ﬁlms with a three dimensional growth
mode possess a uniform surface with dislocations as the dominant defects. The individual densities of the
various defects, including a Ti-rich phase and misﬁt and threading dislocations, are determined by the kinet-
ics of the deposition method.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Thin ﬁlms of oxide materials, including strontium titanate (STO)
and related perovskites, are being used in an increasing number of
applications due to their catalytic, electronic and ferroelectric proper-
ties. The growth mode and defect structure of ferroelectric ﬁlms
greatly affect their dielectric tunability and loss [1–3]. In ﬁlms
grown in a three-dimensional (3D) mode, even including in some
homoepitaxial systems, defects such as low angle grain boundaries,
columnar grains, misﬁt and threading dislocations are common,
depending on the growth parameters [1,2]. The existence of low
angle grain boundaries and a high density of threading dislocations
have been reported to be associated with reduced voltage-tunability
of the dielectric properties [1,2,4]. Therefore, it is technically impor-
tant to grow the ﬁlms with fewer such defects.
Pulsed laser deposition (PLD) has been widely used for preparing
thin ﬁlms of complex oxidematerials [5]. The conventional PLDmeth-
od, in which the laser is ﬁred with pulses at a ﬁxed repetition rate of
the order of 2–10 Hz, often produces thin ﬁlms via a three license.dimensional growth mode [2,6]. The growth mode is due to lattice
mismatch and/or limited mobility of adatoms on the substrate. For
microwave applications, MgO (001) single crystal substrate has an
excellent dielectric constant εb9.5 and a loss tangent, tan
δ=3.3×10−7 [7]. These attributes make MgO preferable to other
commonly used substrates e.g. LaAlO3 and SrTiO3. However, the
large lattice mismatch between the ferroelectric ﬁlms and MgO, e.g.
Ba0.5Sr0.5TiO3 (BSTO) on MgO (001) (~6.5%) and STO on MgO (001)
(~7.9%), makes growing high quality two dimensional ﬁlms difﬁcult.
A true layer by layer growth has been obtained in the homoepitaxial
system SrTiO3 on SrTiO3 by using pulsed laser interval deposition
(PLID) with in-situ reﬂection high energy electron diffraction
(RHEED) to guide and monitor the growth mode [8]. PLID was quite
quickly extended to closely-matched heteroepitaxy [8] but only re-
cently to the growth of ﬁlms with large lattice mismatch with the
substrate [9]. Relatively little work has been performed on the micro-
structural characterisation of ﬁlms grown by PLID.
PLD is a thermodynamically non-equilibrium process in which all
species land on the substrate within a growth pulse of a few micro-
seconds in duration. Second phase non-stoichiometric defects can
be formed during growth [10]. The most frequently observed meta-
stable phases in the perovskite ABO3 structure are Ruddlesden-
Fig. 1. Specular RHEED intensity for the ﬁrst 500 s of the PLD deposition process
(a)with a TiO2 buffer layer, (b) without a TiO2 buffer layer. The insets show the diffraction
pattern with the electron beam along [100] after standard PLD of a 40 nm thick ﬁlm.
Fig. 2. Specular RHEED intensity for STO grown by PLID with a TiO2 buffer layer, (a) ﬁrst
10 layers, (b) 20th to 30th layers, (c) 40th to 60th layers and (d) the last 23 layers. The
insets show the diffraction pattern taken with the electron beam along the [100] direc-
tion after PLID of a 40 nm thick ﬁlm.
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may also form via non-equilibrium processes leading to crystallo-
graphically sheared double layers which are closely related to disloca-
tion loops, stacking faults and misﬁt dislocations [12,13].
The aim of this work was to manipulate the growth mode of a sys-
tem with large lattice mismatch (STO on MgO(001)) using buffer
layers and the PLID method, in order to understand the relationship
between growth mode and microstructure. The microstructural
study included analysis of plan view and cross sectional images
taken in a transmission electron microscope (TEM), of data taken in
a high resolution scanning transmission electron microscope
(HRSTEM) and from ex-situ atomic force microscope (AFM) images.
It will be shown that the relaxation of the large lattice mismatch be-
tween STO and MgO occurs through several types of defect in 2D
growth mode ﬁlms: misﬁt dislocations, antiphase boundaries (APBs)
and nano-holes, whilst in 3D growth mode ﬁlms, the dominant de-
fects are misﬁt and threading dislocations.
2. Experimental details
Four STO ﬁlms with thickness 40 nm were deposited on (001)
MgO substrates using a KrF excimer laser with a wavelength of
248 nm. The substrate was held at a temperature of 850 °C and
45 mm away from the targets (99.99% pure stoichiometric SrTiO3
and TiO2). Two of the ﬁlms were grown by standard PLD, with and
without an atomic thickness mono-layer of TiO2 as a buffer layer. An-
other two ﬁlms also with and without a TiO2 buffer layer, were grown
by PLID. Different laser ﬂuences of 4 J/cm2 and 3 J/cm2 were used for
depositing the SrTiO3 and TiO2 layers respectively. The optimised de-
position parameters and the method for calibrating the number of
pulses required for one monolayer were as described previously
[14]. For standard PLD, a continuous 5 Hz laser pulse repetition rate
was used. For PLID, the laser repetition rate was set to 60 Hz during
the burst of pulses which allowed the deposition of one monolayer.
Sufﬁcient time was given for the relaxation and crystallisation of the
deposited material after each burst — about 15 s [14,15]. The growth
modes of all the ﬁlms were monitored using the in-situ RHEED
system. Plan view and cross sectional TEM samples were prepared
by tripod polishing to electron transparency to avoid any ion con-
tamination as might occur if prepared by Ar or Ga ion milling. Con-
ventional TEM investigations were carried out using a Tecnai F20
operated at 200 kV. High resolution scanning TEM (HRSTEM) work
was carried out using a probe-corrected FEI Titan operated at 300 kV
with a probe size of about 0.1 nm. The high angle annular dark ﬁeld
(HAADF) collection angle ranged from 46 to 325 mrad. DigitalMicro-
graph was used to analyse the HRSTEM images. An MultiMode™ SPM
Atomic Force Microscope (AFM) with silicon probe in tapping mode
was used to measure the surface morphology and roughness of the
ﬁlms.
3. Results
Fig. 1a and b shows the RHEED intensity during the ﬁrst 500 s of
growth of the SrTiO3 ﬁlm by PLD with and without a TiO2 buffer
layer. The intensity dropped rapidly in both cases, which indicates a
3D growth mode. Fig. 1a shows a peak in intensity at the beginning
of the growth of the ﬁlm with the TiO2 buffer layer as marked by
the arrow. This was not an oscillation due to two dimensional
growth; a shift in the position of the specular RHEED peak was ob-
served at a time corresponding to this peak in intensity. In fact, this
was due to the STO specular reﬂection increasing as the MgO/TiO2
specular reﬂection died out which shows the buffer layer allowed
STO to wet the surface completely and lead to a smoother surface in
the initial stages of growth — an improved growth regime.
Fig. 2 shows the variation of the specular RHEED intensity of the
ﬁlms grown by PLID with TiO2. Fig. 2a–d shows the drop-and-recovery cycle during deposition of the whole 100 monolayers. This
is evidence that the SrTiO3 ﬁlm grown by PLID on a TiO2 mono-
layer follows LBL growth throughout the whole deposition [9]. The
drop-and-recovery cycle of the intensity for the ﬁlm grown without
a TiO2 buffer layer as shown in Fig. 3 becomes lost in the noise
Fig. 3. Specular RHEED intensity for STO grown by PLID without a TiO2 buffer layer,
(a) ﬁrst 10 layers, (b) 20th to 30th layers, (c) 40th to 60th layers and (d) the last 23
layers. The insets show the diffraction pattern taken with the electron beam along
the [100] direction after PLID of a 40 nm thick ﬁlm.
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guishable in the early stages of growth as shown in Fig. 3a and b.
This indicates that the growth mode eventually changed from 2D to
3D. The insets to Figs. 1–3 are the RHEED patterns of the completedWith TiO2 buffer 
PLD




Fig. 4. (a–d) Plan view, many beam bright ﬁeld TEM images of four ﬁlms grown under the c
up to the top of the SrTiO3 ﬁlm. The hole faces are aligned along the [010] and [100] directﬁlms. All ﬁlm surfaces gave similar streaky patterns indicating that
the surfaces of the ﬁlms were smooth, but with some disorder after
deposition.
Fig. 4 shows the plan view TEM bright ﬁeld images of all four ﬁlms
taken near the beam direction [001]. The regularly spaced and shaped
white patches are holes. Only the ﬁlm grown by PLD without a TiO2
buffer layer shows uniform contrast and has no holes. The ﬁlms pos-
sessing a certain level of two dimensional growth as indicated by the
RHEED results all have holes. The size and density of the holes with
respect to the growth mode are summarised in Table 1.
Fig. 5 shows AFM scans from all four samples. The 2D growth ﬁlm
has the roughest surface; in this image the dark contrast represents
the holes. The sizes of the holes agree with those deduced from the
TEM images. In ﬁlms with a low level of 3D growth, since the holes
are very small, and due to the resolution of the AFM, the size of the
holes could not be shown clearly. The ﬁlm which grew entirely 3D
possesses the smoothest surface. The ﬁlms grown by PLID without a
TiO2 buffer layer and PLD with a TiO2 buffer show holes with similar
sizes and occurring at a similar density, as shown in Table 1. The vol-
ume fraction of the holes is roughly proportional to the degree of two
dimensionality of the ﬁlm growth as indicated in Table 1. The root
mean square roughness of the four ﬁlms is also given in Table 1.
This topographical trend could be linked to how well the ﬁlm copies
the topography of the substrate surface, which is related to the degree
of two dimensionality to the ﬁlm growth [9].Without TiO2 buffer 
PLD
Without TiO2 buffer 
PLD
onditions speciﬁed. The white patches are holes which extend from the MgO substrate
ions. Only the ﬁlm grown by PLD without the TiO2 buffer layer shows no holes.
Table 1
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Krastanov)





~3 ~3 ~4.5 ~3
Lattice mismatch (%)
(deduced from SAED)
6.7 7.3 5.8 6.8
Size of holes (nm) 5±1 None 18±5 10±2
Area fraction of holes (%) 0.635 None 2.464 0.640





Fig. 6. (a–h) Paris of cross sectional TEM images taken with g=200 and g=002 of four
ﬁlms grown under different conditions. Holes extend through the MgO substrate to the
top of the STO ﬁlm. The ﬁlm grown by PLD without a TiO2 buffer layer shows no holes
but many threading dislocations.
3443Y.Y. Tse et al. / Thin Solid Films 520 (2012) 3440–3447Fig. 6 shows cross sectional TEM micrographs of the four ﬁlms
(PLD and PLID, with and without TiO2). The TEM images are taken
using two g vectors respectively as indicated in the micrographs.
The dominant defects are marked by arrows and labelled in the ﬁg-
ure. No threading dislocations have been observed in the area of ex-
amination in the ﬁlm prepared by PLID with a TiO2 buffer layer. The
ﬁlm deposited by PLD without the TiO2 buffer layer has the highest
density of threading dislocations among the four ﬁlms as shown in
Fig. 6. The selected area diffraction (SAD) patterns indicate that the
lattice mismatch between ﬁlm and substrate of the 2D-growth ﬁlm
(PLID with TiO2 buffer layer) is 5.8%. This is less than the lattice mis-
match between bulk STO and MgO (7.9%), indicating that the 2D
growth ﬁlm is still strained. The lattice mismatch of the sample
grown by PLD without a TiO2 buffer layer was about 7.3%, implying
that the misﬁt strain is fully relaxed after 3D growth. The lattice mis-
matches obtained for all four ﬁlms are summarised in Table 1. The
misﬁt dislocations shown in Fig. 6 were characterised as b=½
b101> type. The separation of the misﬁt dislocations in the four
ﬁlms is shown in Table 1. The strain in the ﬁlm is directly correlated
with the separation of the misﬁt dislocations, greater strain being
present in ﬁlms in which the misﬁt dislocations are more widely
separated.
The results shown above are a general comparison of the four
ﬁlms. They have similar defects depending on their growth mode.
The major difference is the densities of the defects which have been
summarised in Table 1. The particular defects, the APBs, holes and
second phase precipitates, will now be shown in more detail. AnalysisFig. 5. (a–d) AFM images of ﬁlms grown by the different deposition methods.of the defects is for the most interesting ﬁlm, the 2D growth ﬁlm
(PLID with a TiO2 buffer layer).
Fig. 7 shows a tilt series of plan views of the ﬁlm grown by PLID
with a TiO2 buffer layer, showing that the APBs connect the holes.
The APB contrast may be interpreted via the extinction rule
2πg.R=α, where g and R are the reciprocal lattice vector and dis-
placement vector respectively of the APBs [16]. If α is an odd integer
multiple of π, then the APBs are visible in a bright ﬁeld image. Most of
the APBs are out of contrast i.e. invisible when g=200 or 020, and
visible in g=110 (Fig. 7). They can therefore be characterised as hav-
ing a displacement vector R=12 010½  or 12 100½  respectively. A small
number of APBs have R=12 101½ .
Fig. 8a shows a HRTEM image of an APB in cross-section. The APB
ends at a step on the MgO substrate conﬁrming that the LBL growth
follows the substrate topography [9]. Misﬁt dislocations are indicated
in Fig. 8a and also in the inverse FFT image of the marked area
(Fig. 8b). Analysis of a larger area HRTEM image shows that the misﬁt
dislocation separation is not regular, but that the average distance be-
tween misﬁt dislocations is about 4.5 nm.
Fig. 9 shows a HRSTEM plan view image of the PLID and TiO2 buff-
ered ﬁlm. The dark regions, one of which is marked by the letter H,
are holes. The existence of the holes was conﬁrmed by nanodiffrac-
tion: only the central transmitted beam appeared on the diffraction
pattern in regions where there was no material to diffract the beam.
The features marked as A are APBs. The holes are connected by
APBs. There also exist precipitates marked by S in Fig. 9.
Fig. 10a is a higher magniﬁcation HAADF image of an APB, the cor-
responding line intensity proﬁle is shown in Fig. 10b. In HAADF, the
heavy strontium atoms give bright contrast while the lighter titanium
atoms appear darker. Along the line in Fig. 10a, the Sr atoms change
to Ti atoms, indicating a R=12 010½  stacking fault. This conﬁrms the
R vector deduced from the tilt series via diffraction contrast.
Fig. 11a shows a HAADF image of the Ti-rich secondary phase,
marked S in Fig. 8. The precipitate is three atomic planes wide and
this was true for all such precipitates observed in the ﬁlm. The Bur-
gers circuit (dotted white line) which is drawn around the precipitate
shows no overall Burgers content. The intensity line proﬁles
(Fig. 11b) reveal that the precipitate is overall Ti-rich. Ti substitutes
for Sr either side of the central plane. The Sr atoms of the central
plane are displaced by 12 010½  in the plane of the micrograph. There
is a slight dilatation perpendicular to the plane of the defect. The blur-
ring of the central Sr atom images suggests radial strain also. An in-
tensity line proﬁle is shown in the stoichiometric region of the ﬁlm
for comparison. We return to the structure of this defect in the
Discussion.
Fig. 7. (a–c) TEM bright ﬁeld plan view images taken with g=110, 200 and 020. The white patches are holes which are connected by antiphase boundaries.







Fig. 9.High resolution STEMHAADF image showing (a) holes (one marked by the letter
H), antiphase boundaries (one marked by the letter A) and second phase precipitates
(one marked by the letter S).
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1. PLID favours 2D growth compared with PLD.
2. A TiO2 buffer layer favours 2-D growth by allowing the SrTiO3 to
wet the MgO surface completely.
3. PLID and TiO2 encourage APBs and holes depending on the sub-
strate surface structure.
4. 3-D growth results in threading dislocations and a smoother ﬁlm
surface overall in this materials system.
5. There is more residual strain after 2D growth.
6. Non-stoichiometry is accommodated by Ti rich planar defects.
4. Discussion
In order to have a high epitaxial quality in a thin ﬁlm, it is prefer-
able to ensure a two dimensional (2D) layer by layer growth (LBL) of
the ﬁlm on the substrate. This is achievable even for systems with a
large lattice mismatch like the 7.9%, using the PLID method and a
buffer layer to wet the substrate, in the case of STO on MgO [9]. Irre-
spective of the growth process (PLID or PLD), a TiO2 buffer layer will
enhance the two dimensionality of growth in the early stages of
growth (Figs. 1a, 2 and Table 1). A TiO2 buffer layer on MgO reduces
the energy of the interface with STO and thus improves the wettabil-
ity of the surface [17].
The comparisons between growth modes show that a forced 2D
growth leads to a ﬁlm which follows the substrate, as would be
expected from a layer by layer growth mode. This is manifested in
three ways. First, there are fewer threading dislocations than are
obtained in ﬁlms which grow in a 3D mode. Films grown in a 3D
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a b
Fig. 10. High resolution STEM HAADF showing (a) an anti-phase boundary and (b) an intensity proﬁle along a line drawn across the APB in (a).
3445Y.Y. Tse et al. / Thin Solid Films 520 (2012) 3440–3447there are no threading dislocations in the area of examination in the
2D growth mode ﬁlm (ﬁlm grown by PLID with TiO2 buffer layer)
shown in Fig. 6. This is consistent a common driver for the formation
of threading dislocations, the coalescence of slightly mis-oriented
growth islands. Second, the forced 2D growth produces a ﬁlm which
is strained with respect to the bulk and therefore shows a smaller
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a
Fig. 11. (a) higher magniﬁcation HAADF showing the second phase precipitate marked as S i
overall dislocation content. The double layer of Ti is marked by the arrows. (b) Intensity proﬁ
the precipitate and line 3 beyond the edge of the precipitate.inhibit the nucleation of the threading dislocations through the kinet-
ics of the growth. Third, as the ﬁlm is forced to grow LBL following the
substrate surface closely, the surface structure of the substrate at the
deposition temperature strongly inﬂuences the microstructure of the
ﬁlm [9]. Surface steps and terraces on the substrate induce APBs in
the ﬁlms as shown in Fig. 8. A series of tilt images suggested that
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Fig. 12. Schematic diagram of hole formation at the intersection of (a) two APBs, (b) a network of APBs in plan-view.
Fig. 13. (a) Structural model of double layer of TiO2 as indicated by arrows showing the
sharing of TiO6 octahedra. The TiO6 octahedra are marked by dotted lines and the dou-
ble layer of TiO2 by the arrows [13]. Note that there are also oxygen atoms above and
below each titanium atom which are not shown in the diagram. (b) Intensity proﬁles
for lines 1 and 2 reproduced from Fig. 11.
3446 Y.Y. Tse et al. / Thin Solid Films 520 (2012) 3440–3447few with R=12 101½  as shown in Fig. 7. The high resolution HAADF
image (Fig. 10) further conﬁrms that the APBs have R= 12 010½  or
1
2 100½ . Here, [001] is taken as the normal to the plane of the substrate
and ﬁlm.
Misﬁt dislocations are identiﬁed with Burgers vector b=12 101½ STO
type [18]. In order for an array of such defects to accommodate fully
the 7.9% misﬁt strain, the separation of the misﬁt dislocations would
have to be about 2 nm. However, the measured average misﬁt dislo-
cation separation is 4.5 nm in the LBL ﬁlm grown by PLID on a TiO2
buffer layer. The separation indicates that more than 4% misﬁt strain
has not been relaxed by this type of defect. This residual strain is par-
tially (2.5%) relaxed by the array of nano-holes. Thus, approximately
half of the misﬁt strain is relieved by the interface dislocations and
a quarter by the holes.
The remaining question is how does the network of holes con-
nected by APBs arise? The APBs seem to originate in the usual way
at ledges on the substrate surface. The fact that the density (not dis-
position) of the holes is regular means that there must be some feed-
back mechanism controlling their formation: either stress or vacancy
ﬂow. Three questions that arise are:
(i) Do the holes form at the growth temperature?
(ii) Do the holes arise entirely via stress or with some help from
vacancies?
(iii) Are the APBs simply pinned by the holes or do the intersections
of the APBs nucleate the holes?
In respect of question (i), it should be noted that the mismatch at
the growth temperature is similar to that at room temperature (~7%)
and the high growth temperature most likely facilitates the formation
of the holes.
In respect of questions (ii) and (iii), it is proposed that the net-
work of ledges on the MgO, gives rise to a similar network of thermal
APBs (Figs. 4 and 6). Where the APBs cross, the locally high surface
energy allows plastic deformation to open up a hole. The deformation
is driven by the biaxial in-plane stresses, which are higher in PLID
than in PLD (Table 1). With the aid of surface diffusion, the holes be-
come facetted and, moreover, do not form cracks laterally. The size of
the holes increases until most of the remaining in-plane stress is re-
lieved. This is summarised schematically in Fig. 12a and b.
PLD has been shown to result in amorphous TiO2 layers in the stoi-
chiometric STO [6,12], but here PLID results in the planar defects
shown in Figs. 9 and 11. Fig. 13 shows schematically the structure de-
scribed earlier. The projection of the Sr layer displacement is 12 010½ ,
but the total displacement could be 12 101½  for this (100) disc. What-
ever the true displacement, it could be accommodated by a circular
dipole of dislocation of Burgers vectors  12 010½  or  12 101½  etc. It is
the strain from these dislocations which causes the blurring of the
Sr atom images. Similar defects have also been observed elsewhere,
for example in BSTO on MgO [2], STO on STO [12] and STO on MgO
under various growth conditions [9]. These Ti-rich precipitates wereeither formed (i) due to the non-equilibrium growth process or (ii)
in response to non-stoichiometric deposition. Since no Sr-rich,
Ruddlesden-Popper faults are observed, the second explanation
must be the correct one: the plates accommodate Ti excess. To con-
ﬁrm the defects are Ti-rich, attempts at EELS were made. However,
due to sample drift, EELS was not successful. Further work such as
EELS or SDD is required.
5. Conclusion
PLID and deposition with a TiO2 buffer layer can enhance the two
dimensional growth of STO ﬁlms on MgO despite the large lattice
mismatch. The forced two dimensional growth suppresses threading
dislocations and misﬁt dislocations. However, abundant APBs and
holes are observed. Holes with {100} facets occur at the intersection
points of the APBs as a result of the biaxial in-plane stresses not re-
lieved by misﬁt dislocations. Ti-excess is accommodated by small
TiO2 inclusions which are structurally coherent with the body of the
ﬁlm. In contrast, a ﬁlm grown in 3D mode contains threading disloca-
tions, sufﬁcient misﬁt dislocations to relieve the misﬁt strain and does
not exhibit antiphase boundaries or holes. A mixed microstructural
character is exhibited by ﬁlms which grow partly 2D, partly 3D.
The mechanism leading to the holes in the 2D growth ﬁlms could
be elucidated by further experiments, including in-situ, high temper-
ature scanning probe microscopy and growth of STO ﬁlms on a series
of substrates presenting smaller lattice mismatch. The ability to pre-
pare highly strained ﬁlms on inactive and relatively inexpensive sub-
strates could prove valuable for strain engineering of electronic,
dielectric and ferroic properties in a variety of material systems. The
ability to tailor the defect content of ﬁlms may enhance studies of
the inﬂuence of defects on functional properties. It has been predicted
3447Y.Y. Tse et al. / Thin Solid Films 520 (2012) 3440–3447that APBs can play an important role at the transition temperature
Tc=103 K between the cubic and tetragonal phases of SrTiO3 [19].
The APBs can undergo a ferroelectric transition at temperature
≈37 K [20]. Dielectric loss could be enhanced due to the occurrence
of polarisation in a dense set of boundaries [21].
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